Nutritional immunology, immunometabolism and identification of novel immunotherapeutic targets are areas of active investigation in parasitology. There is a welldocumented crosstalk among immune cells and cells in metabolically active tissues that is important for homeostasis. The numbers and function of these cells are altered by obesity leading to inflammation. A variety of helminths spend some part of their life cycle in the gastrointestinal tract and even entirely enteral nematode infections exert beneficial effects on glucose and lipid metabolism. The foundation of this review is the ability of enteric nematode infections to improve obesity-induced type 2 diabetes and the metabolic syndrome, which are significant health issues in developed areas. It considers the impact of nutrition and specific nutritional deficiencies, which are occur in both undeveloped and developed areas, on the host's ability mount a protective immune response against parasitic nematodes. There are a number of proposed mechanisms by which parasitic nematodes can impact metabolism including effects gastrointestinal hormones, altering epithelial function and changing the number and/ or phenotype of immune cells in metabolic tissues. Nematodes can also exert their beneficial effects through Th2 cytokines that activate the transcription factor STAT6, which upregulates genes that regulate glucose and lipid metabolism.
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| HELMINTH INFECTION AND METABOLIC DISEASES
It is estimated that one-third of the world's population is infected with parasitic helminths with the greatest burden in underdeveloped nations particularly Nigeria and the Congo (1) . Nutrients are cofactors and activators for the developing immune system (2) and malnutrition as well as bacterial co-infections are frequent in these developing areas and promote the chronicity of helminth infection. There is also increasing recognition that specific deficiencies in vitamins and/or minerals can contribute to the severity of parasitic infections in endemic areas.
Alternately, well-developed urban areas with the lowest worm burden have a much greater incidence of metabolic diseases including obesity-induced type 2 diabetes (T2D) and the metabolic syndrome.
Increasing evidence suggests that helminth infection regulates food intake and appetite, reduces body weight and improves the symptoms of the metabolic syndrome and T2D (3).
There is a well-documented crosstalk among immune cells and cells in metabolically active tissues that is important for homeostasis.
Parasitic nematodes or their products can impact cellular metabolism by a number of mechanisms including direct effects on hematopoietic and nonhematopoietic cell function or indirect effects mediated by downstream activation of genes that regulate production of metabolically active factors. There are a variety of helminths, including parasitic nematodes, which spend a large portion of their life cycle in the gastrointestinal (GI) tract. Their presence in the lumen initiates, extends or amplifies signals that are critical to host defence against parasites. The GI tract provides a starting point for this review focused on the known and proposed mechanisms by which the nutritional status impacts host defence against parasitic nematodes and by which worm infection impacts host nutritional status and metabolism.
| THE IMPACT OF NUTRITION ON HOST DEFENCE
For most of human history, malnutrition was common, and the effect of malnutrition on immunity, especially cellular immunity, has been studied extensively (4) . A systemic review of the effects of malnutrition in children reported reduced gut barrier function, atrophied lymphatic tissue and polarized cytokine production towards a Th2 response (2) .
The skewing of cytokine production towards a Th2 response, however, does not necessarily translate into improved resistance to nematode infections. Mice fed diets with reduced protein content showed delayed expulsion of primary Nippostrongylus brasiliensis (N. brasiliensis), Trichinella spiralis (T. spiralis) and Trichuris muris (T. muris) infections (5) and the Th2 response to a secondary Heligmosomoides polygyrus bakeri (H. polygyrus bakeri) infection was impaired resulting in increased worm burden (6) . Similarly, mice infected with H. polygyrus bakeri and fed a diet with adequate protein and nutrient levels, but reduced caloric content, showed impaired lymphocyte proliferation, reduced Th2 cytokine production with lower levels of IgE, parasite-specific IgG1 and eosinophils, resulting in higher worm burdens and fecundity (7) . In a recent study using multiple small (trickle) infections with H. polygyrus bakeri to mimic natural infections, the tolerance to infection, as measured by intestinal barrier function, was decreased by protein malnutrition (8) . These results indicate that both sufficient protein and calories are required for optimal resistance to parasitic nematode infections.
In the twentieth and twenty-first centuries, consumption of "Western diets" has led to excessive caloric intake, increased consumption of highly refined foods and decreased consumption of fruits and vegetables that may lead to deficiencies in at-risk populations including the elderly, the economically disadvantaged or those with diseases that contribute to impaired absorption including Crohn's disease, ulcerative colitis and parasitic infections (9, 10) . In particular, both gastrointestinal diseases and parasitic infections have been shown to impair micronutrient absorption. Several of these micronutrients, including vitamin A, selenium and zinc, play critical roles in immune function and resistance to parasitic infections.
| The role of vitamin A in resistance to parasitic infections
The role of vitamin A in immunity is highly pleiotropic. The effects are dose-, receptor form-, cell type-and environmentally dependent (reviewed in (11) ). Dietary vitamin A or retinol is converted to retinaldehyde by ubiquitous alcohol dehydrogenases and then irreversibly acted on by cell-specific retinaldehyde dehydrogenases to generate its active metabolite, retinoic acid (RA), which binds to the RAR and RXR nuclear receptor families and function as transcription factors (11 -prostaglandin J2
(15d-PGJ 2 ) (55-57), highlighting a role for Se in regulating prostaglandin synthesis (56) and promoting the development of M2.
Many aspects of immunity are dependent on zinc. Zinc deficiency leads to atrophy of the thymus, a reduction in leucocytes, as well as in antibody-mediated, cell-mediated and delayed-type hypersensitivity responses (58). In addition, NK cell activity is decreased in neutrophils, and macrophages have reduced levels of phagocytosis and respiratory burst in zinc deficiency (59) . Production of the Th1 cytokines IL-2 and IFN-γ is attenuated by zinc deficiency resulting in a shift towards a Th2 response (60) . Basal levels of pro-inflammatory cytokines are elevated in zinc deficiency, but production is ablated upon stimulation (61) . Decreased cytokine production may result from decreased NF-κB activation in zinc deficiency (62, 63) . Both immature and mature B cells are reduced by zinc deficiency (64) as is antibody production (65) . Zinc was found to increase Treg cell numbers in allergen-stimulated cells from atopic subjects and in mice with experimental autoimmune encephalitis (66, 67 
| THE IMPACT OF PARASITIC NEMATODES ON HOST METABOLISM
There is little information on the impact of obesity on type 2 immune responses. Obesity prone mouse strains, however, are more susceptible, while lean mouse strains were more resistant, to parasitic nema- 
| Nematode infection alters intestinal barrier function and the intestinal microenvironment
The surface epithelial cells that line the GI tract form the first line of defence in the gut and include the absorptive enterocytes, the mucus- 
| Parasitic nematode infection regulates glucose transport
Obesity and T2D are associated with poor glycemic control as a result of dysregulated control of glucose sensing hormones and insulin resistance. Enteric nematode infection is associated with hypophagia and weight loss with improvement of the metabolic syndrome and T2D (3, 93) . The mechanisms for the weight loss and decreased food intake remain unclear, but may be linked to local GI events including changes in intestinal glucose handling (76) or the immune cell phenotypes and the cytokine profile associated with infection (94).
Glucose is absorbed in the small intestine by transcellular pathways utilizing transporters as well as by paracellular pathways through solvent drag, a process that is modulated by changes in intestinal permeability. Enteric nematode infection slows enterocyte glucose absorption by inhibiting the activity of insulin-independent sodiumlinked glucose transporter 1 (SGLT1) (95) . This high affinity transporter can absorb glucose against a concentration gradient and is considered to be the major mechanism for postprandial glucose absorption in the small intestine (96) . The nematode-induced effect on glucose absorption was dependent on M2, as depletion of macrophages during nematode infection restored SGLT1 activity (95) . Given the prominent role of macrophages in insulin resistance, manipulation of macrophage phenotype may be a potential therapeutic strategy. Enteric nematode infection also decreased the expression of the insulin-dependent transporter GLUT2 by a mechanism that is independent of STAT6 (95).
This is a facilitative transporter located on the basolateral membrane that is also trafficked to the apical side at high luminal glucose concentrations. The inhibited SGLT1 activity and reduced expression of GLUT2 during parasitic nematode infection lower enterocyte intracellular glucose (93, 95) . This results in a metabolic stress that induces HIF-1α, leading to STAT6-dependent upregulation of GLUT1, a constitutive insulin-independent transporter (95), thereby providing glucose for cellular metabolism.
The enhanced permeability during nematode infection also results in a greater absorption of glucose by the paracellular route and provides nutrients to fuel the high metabolic demands required by activated CD4 + T cells (97) . Signalling through the T-cell receptor activated mTOR leads to upregulation of GLUT1 and HIF-1α (98).
Nematode infection induces an upregulation of GLUT1 in both enterocytes and T cells. Of interest is that GLUT1 is expressed by M1, which preferentially use glucose as an energy substrate, while M2 use free fatty acids (99) , showing a preference of immune cells for specific energy substrates. Thus, by shifting the major route of intestinal glucose absorption to the paracellular pathway, parasitic nematode infection effectively bypasses insulin-dependent glucose transporters on enterocytes and fuels activated CD4 + T cell and macrophage metabolism. The increased demands of immune cell metabolism may contribute also to weight loss during nematode infection.
| Parasitic nematode infection reduces appetite/ food intake
The GI tract is the largest endocrine organ in the body. Comprising There are several models of obesity-induced T2D and metabolic syndrome including the HFD-induced obesity, the ob/ob mouse and the RIP2-OPa1-deficient mouse. Induction of obesity using a HFD is one of the most well-documented models of obesity, and after 
| Specific STAT6-dependent genes regulating glucose metabolism
There is little information on the specific STAT6-dependent genes RELM-β is constitutively expressed in the colon, primarily in goblet cells, and is induced by colonization with commensal bacteria (125).
Expression of RELM-β can be induced further by infection with pathogenic bacteria, parasitic nematodes or dextran sodium sulphate suggesting that induction of RELM-β expression in the colon is a general response to mucosal insults. In contrast, RELM-β is not expressed constitutively in the small intestine, but is induced by parasite infections.
RELM-β has been shown to bind to chemosensory organs on enteric parasitic nematodes resulting in impaired feeding and worm health.
It is critical for expulsion of H. polygyrus bakeri (53) but may not be as important for expulsion of other parasites including T. muris (126) and N. brasiliensis (127) . RELM-β also affects glucose metabolism. RELM-β inhibits SGLT-1 activity while increasing GLUT-2-dependent glucose transport (131).
Mice infected with N. brasiliensis have increased RELM-β expression and decreased SGLT-1 activity; however, their GLUT2 expression also was decreased by infection (95) . These data indicate the inhibitory effects of nematode infection on glucose absorption cannot be attributed fully to RELM-β. Rajala et al. demonstrated that increases in circulating RELM-β stimulated glucose production in the presence of fixed insulin levels (132) . These changes were associated with increased activation of, and flux through, glucose-6-phosphatase.
Injection of mice with RELM-β induced insulin resistance (132) and transgenic mice over-expressing RELM-β in the liver exhibit hyperglycaemia, hyperlipidemia, fatty liver and pancreatic islet enlargement F I G U R E 1 Worms and worm products induce an increase in epithelial permeability, in part by activation of PAR-2, facilitating passage of these products across the mucosal barrier. Epithelial release of IL-25/IL-33 binds to mast cells and ILC2 leading to release of IL-13. IL-13 binds to the type 2 IL-4R and activates STAT6 on hematopoietic and nonhematopoietic cells. STAT6 upregulates genes for markers of alternatively activated macrophages (M2) and M2 play a key role in the STAT6-dependent inhibition of absorption of glucose in enterocytes. IL-13 also activates STAT6 on epithelial cells with upregulation of genes that maintain increased epithelial permeability. In addition, STAT6 activates genes in other cell types leading to alterations in glucose and lipid metabolism
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when fed a high-fat diet but not when fed a normal diet (133 leptin, but no alterations in insulin levels were observed and mice exhibited similar weight gains on both normal and high-fat diet (134) .
Baseline glucose levels were also unaffected by normal or high-fat diet in Retnla −/− mice. In addition, when compared to WT mice, the kinetics of glucose clearance were unchanged in Retnla −/− mice. In another study, however, mice injected i.p with RELM-α for seven days had increased insulin resistance (135) .
Recently, a tissue-resident CD301b mononuclear phagocyte population in adipose tissue was identified that secretes RELM-α and is required for positive energy balance under normal and high-fat metabolic conditions. Depletion of CD301b cells in mice caused hypoglycaemia, increased insulin sensitivity and weight loss in both lean and obese mice. Exogenous administration of RELM-α to CD301b-depleted mice fed a regular diet restored body weight and normoglycemia indicating that RELM-α was responsible for the altered glucose metabolism. Considering that both RELM-α and RELM-β can decrease insulin sensitivity and increase glucose levels and improve the metabolic syndrome, the role of the high levels of both RELM-α and RELM-β in enteric parasitic nematode infection merits further investigation.
| STAT6-dependent genes regulating fat metabolism
Dyslipidemia and hepatic steatosis are common in obese individuals due to abnormalities in lipid metabolism. Hepatic steatosis is caused by lipid accumulation within hepatocytes, mainly due to excessive lipogenesis. There is evidence that enteric parasitic nematodes also induce a STAT6-dependent effect on genes that modulate fat metabolism. N. brasiliensis infection ameliorated the HFD-induced enlargement of the liver that was accompanied by increased levels of hepatic triglycerides (93) . N. brasiliensis infection also downregulated genes encoding key lipogenic enzymes in the liver and epididymal fat, including Fasn, Acly and Acaca, in both lean and HFD-induced obese mice (93) .
Cell death activator (CIDEA) is an important regulator of energy expenditure and lipid metabolism (136) . CD36 in liver functions as a fatty acid plasma membrane transporter that takes up fatty acid into hepatocytes (137) . Hepatic Cidea and Cd36 gene expression were significantly upregulated in obese mice and N. brasiliensis infection normalized hepatic Cidea expression to levels in lean mice by a IL-13-/ STAT6-dependent mechanism (93) . Exogenous administration of IL-25 also ameliorated HFD-induced hepatic steatosis and decreased expression of the CIDEs in the livers of HFD-fed mice (114) . In contrast, gene expression levels of major hepatic enzymes critical for lipolysis or FA oxidation, including hepatic lipase, carnitine palmitoyltransferase 1a and hydroxyacyl-coenzyme A dehydrogenase, were not significantly altered by the HFD or infection (93) . Thus, enteric nematodes improve hepatic steatosis through STAT6-dependent transcription of specific genes involved in the regulation of energy and lipid metabolism. There are inherent difficulties in obtaining regulatory approval for use of live parasites to treat otherwise healthy individuals, and this has prompted exploration of alternative approaches. Experimental evidence demonstrated that the Th1-dominant C57Bl/6 mouse strain gains weight more rapidly on a HFD and has higher fasting glucose levels on both NCD and HFD than the Th2-dominant BALB/c mouse (138) . Overexpression of IL-13 in fat tissue of C57Bl/6 mice blocked HFD-induced weight gain, improved glucose tolerance and insulin sensitivity and reduced inflammation in adipose tissue (139) .
| CONCLUSIONS
Administration of IL-25 has beneficial effects on obesity-induced T2D
and associated hepatic steatosis (113, 114) . The effects of IL-25 are mediated by its ability to increase the numbers of ILC2, M2 macrophages and eosinophils in adipose tissue (112) (113) (114) . Studies harnessing the therapeutic potential of parasite products or administration of cytokines that promote restoration of anti-inflammatory Th2 environment in metabolic tissues may prove more amenable to approval.
